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Figure 1. Specific Interaction between Rat Brain NSF and ct-GluR2 and Domain Analysis of NSF
(a) Filter b-galactosidase assays of the transformants taken from the Ura,Trp,Leu-dropout plate. Four independent yeast colonies are shown
for each of the cotransformation combinations (GluR1 through GluR4, lanes 1±4, respectively; GluR6, lane 6; and NMDAR1, lane NR1) are
shown.
(b) Liquid b-galactosidase assays of NSF/ct-GluR transformants (means 6 SEMs from three independent cultures for each combination).
(c) Domain structure of NSF. Amino acid residues not present in native NSF protein but attached during subcloning are indicated in brackets.
(d) Liquid b-galactosidase assays of yeast transformed with pBTM116ADE2±ct-GluR2 and pGAD10 incorporating the different NSF mutants
(means and SEMs of three independent experiments).
variants, and Shaker-type K1 channels (Kim et al., 1995; subunit (ct-GluR2; corresponding to amino acid resi-
dues Glu-834 to Ile-883) as a ªbaitº to screen a rat brainKornau et al., 1995; Sheng, 1996; Niethammer et al.,
1996). In addition, the AMPA receptor subunits GluR2 cDNA library. NSF was identified as a strong interacting
protein, and the association between ct-GluR2 and NSFand GluR3 contain the related C-terminal sequence
-SVKI, which binds to a synaptic PDZ-containing protein was confirmed by cotransforming yeast with the two
isolated plasmids. Transformants displayed robust histi-called glutamate receptor interacting protein (GRIP;
Dong et al., 1997). GRIP has been proposed as an dine (His) autotrophy and b-galactosidase activity (Fig-
ure 1a). Yeast harboring plasmids encoding the C-termi-adapter protein, which may couple AMPA receptors to
anchoring and signaling proteins and mediate AMPA nal domains of the closely related AMPA receptor
subunits GluR1 or GluR4, with the kainate receptor sub-receptor clustering.
In this study, we report the specific interaction be- unit GluR6 or with the NMDA receptor subunit NMDAR1,
showed no interaction with NSF. However, a weak inter-tween the C-terminal domain of GluR2 with NSF. Our
results indicate a previously unsuspected association action between NSF and ct-GluR3 was detected. Yeast
cotransformed with NSF and ct-GluR3±containing plas-between two major proteins involved in neuronal trans-
mission, and we also provide functional evidence for a mids grew, albeit poorly, on His-deficient media, and
in b-galactosidase filter assays staining above back-postsynaptic role for NSF in regulating AMPA receptor±
mediated neurotransmission. ground levels was observed, although in the more quan-
titative liquid b-galactosidase assays the interaction
was not apparent (Figures 1a and 1b).Results
Detection of the Interaction between All of the NSF Protein Is Required
for the GluR2 Interactionct-GluR2 and NSF
Utilizing the yeast two-hybrid system (Fields and Song, NSF from Chinese hamster ovary (CHO) cells has been
extensively characterized and contains three distinct1989), we used the C-terminal domain of the rat GluR2
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Figure 2. Comparison of ct Domains of
GluR1 through GluR4 and Analysis of NSF
Interaction with Deletion Mutants of ct-GluR2
(a) Alignment of ct-GluR2 with ct-GluR1, ct-
GluR3, and ct-GluR4. The residues in the se-
quences are numbered 1±50 with 1 corre-
sponding to the first amino acid after the last
hydrophobic domain (Glu-834) of GluR2. The
ct-GluR2 sequence has 72% identity with
GluR3 (with mainly conservative substitu-
tions), 28% identity with GluR1, and 32%
identity with GluR4.
(b)To determine the precise region of interac-
tion, a series of overlapping deletion mutants
of ct-GluR2 were constructed using specific
primers and PCR.
(c) Following insertion into pBTM116ADE2,
the deletion mutants were tested for interac-
tion with NSF in yeast by filter b-galactosi-
dase assays. Two independent yeast colo-
nies are shown for each cotransformation.
protein domains, an N-terminal (N-domain, residues between GluR2m and either GluR2r (Ala-852 to Pro) or
the rat GluR4 alternative splice variant GluR4c (GluR4cr;1±211) and two homologous ATP-binding domains (ATP-
domain I, residues 212±495; ATP-domain II, residues Asn-851 to Ser; Table 1). GluR2m, but not GluR4cr, also
interacted with NSF in b-galactosidase filter assays496±752) (Tagayaet al.,1993). The rat brain NSF we have
isolated has 94% identity with CHO cell NSF. Therefore, (data not shown).
based on the sequence of CHO cell NSF, we constructed
rat brain NSF mutants corresponding to the N-domain Biochemical Verification of the Interaction
between GluR2 and NSFalone, the N-domain and ATP-domain I, and ATP-domains
I and II. Using these, we tested for interaction with the The interaction between NSF and ct-GluR2 determined
by the two-hybrid assay was confirmed biochemicallyct-GluR2 by liquid b-galactosidase assays (Figure 1c).
All three peptide domains of NSF are required for effi- using glutathione S-transferase (GST) fusion protein af-
finity chromatography. GST fusion proteins were con-cient association with ct-GluR2, suggesting that the
spatial conformation of NSF may be important for the structed with the C-terminal domains of the subunits
GluR2 (GST±ct-GluR2) and GluR3 (GST±ct-GluR3). Theinteraction to occur (Figure 1d).
Identification of the NSF-Binding
Table 1. Alignments of the Synthetic Peptides Used in this StudyDomain on GluR2
Showing Specific Residue DifferencesSince the C-terminal domains of GluR2 and GluR3 are
844 851 853highly homologous (Figure 2a), the selectivity of NSF for
GluR2m K R M K V A K N A QGluR2 must reside in a region of amino acid differences.
GluR2r K R M K V A K N P QTo identify the site of interaction in more detail, we con-
GluR4cr K R M K V A K S A Qstructed a series of overlapping truncation mutants of GluR2S V R K K N M A K Q A
ct-GluR2 and tested for interaction with NSF by b-galac-
GluR2m denotes the amino acid sequence present in the C-terminaltosidase assays (Figures 2b and 2c). Only mutants con-
domain of the mouse GluR2 subunit from residues 844 to 853. GluR2rtaining the 10 residues from Lys-844 to Gln-853 gave a is the corresponding sequence from the rat GluR2 subunit, and
robust b-galactosidase response, and a peptide com- GluR4cr is from the rat GluR4cr alternative splice variant. GluR2s
prising just these 10 amino acids (D11; GluR2r) displayed denotes the scrambled version of the mouse GluR2 sequence. Dif-
ferences in residues from the GluR2m sequence are underlined. Itas strong an interaction with NSF as the entire C termi-
is important to note that there is only a single residue differencenus. We also tested for interaction with the region corre-
between GluR2m, the most potent inhibiting peptide tested, andsponding to D11 from mouse ct-GluR2 (GluR2m). Within GluR4cr, which was inactive.this region, there is only a single amino acid difference
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resultant fusions were immobilized onglutathione Seph-
arose and tested for their ability to retain recombinant
His6-tagged CHO cell NSF. Crude lysate from His6-
NSF±expressing bacteria was applied to control and
GST±ct-GluR2 Sepharose, and an example Coomasie
blue±stained gel demonstrating the specific retention of
His6-NSF is shown in Figure 3a. It is important to note
that, in these experiments, a band corresponding to
His6-NSF is the only band retained by the GST±ct-GluR2
lane that is not present in the control GST lane.
Immunoblots using the anti-NSF monoclonal antibody
(mAb) 2E5 (Tagaya et al., 1993) show that the amount
of His6-NSF retained by the GST±ct-GluR2 Sepharose
decreases markedlywith sequential washes, suggesting
the interaction is readily reversible under the conditions
used (Figure 3b). The selectivity of interaction between
NSF and ct-GluR2 versus ct-GluR3, determined by the
two-hybrid assay, was confirmed by immunoblot analy-
sis (Figure 3c). Consistent with the two-hybrid results,
slight binding of His6-NSF to GST±ct-GluR3 Sepharose
was observed under relatively mild wash conditions, but
this interaction was far less robust than that observed
with GST±ct-GluR2 and was lost under more stringent
wash procedures. The ability of specific synthetic pep-
tides (Table 1) to prevent the binding of His6-NSF to the
GST±ct-GluR2 Sepharose was also tested (Figure 3d).
Consistent with the two-hybrid data, the GluR2r and
GluR2m peptides, but not the GluR4cr peptide, blocked
retention of His6-NSF by the GST±ct-GluR2 Sepharose.
To confirm that the interactions observed using re-
combinant His6-tagged CHO cell NSF also occur with
native rat brain NSF, we tested for retention of native
rat brain cytosolic NSF by GST±ct-GluR2 Sepharose. As
shown in Figure 3e, rat brain NSF binds specifically to
the GST±ct-GluR2. Under our experimental conditions,
the proportion of NSF retained by GST±ct-GluR2 is low,
suggesting that other protein(s)Ðfor example, plasma
membrane± or endoplasmic reticulum±associated pro-
Figure 3. Biochemical Verification of the Association between NSFteins and/or factors not present in the cytosolic frac-
and ct-GluR2
tionÐmay be involved in the interaction in the PSD.
(a) Coomassie blue±stained gel of crude bacterial lysate protein
Therefore, based on a protocol developed by Osten et retained by GST±ct-GluR2 Sepharose. Lane 1, Control GST Sepha-
al. (1998 [this issue of Neuron]) in which dithiothreitol rose; lane 2, GST±ct-GluR2 Sepharose.
(DTT) is included to stabilize the NSF, we also performed (b) Western blot with 2E5 anti-NSF mAb showing the effects of
washing on His6-NSF retention. Aliquots of GST±ct-GluR2±coupledcoimmunoprecipitation experiments. This was done us-
agarose (10 ml) were incubated with His6-NSF and then washed ating an N-terminal directed anti-GluR2 specific mAb to
08C with PBS containing 0.1% Triton X-100. Lane 1, glutathione gel;precipitate GluR2-containing AMPA receptors from Tri-
lane 2, control GST Sepharose; lane 3, GST±ct-GluR2 Sepharose.
ton X-100 solubilized rat brain extract. In this experimen- (c) Western blot with 2E5anti-NSF mAb showing the strong retention
tal paradigm, NSF is very effectively coprecipitated with of His6-NSF by GST±ct-GluR2. Some His6-NSF was also retained
GluR2 (data not shown). by the GST±ct-GluR3 agarose but not by uncoupled glutathione
agarose under these mild wash conditions. The three lanes in the
panel are the specific bound fraction from 10 ml aliquots of control
GST, GST±ct-GluR2, and GST±ct-GluR3 Sepharose (as indicated atEffects of Interacting Peptides on AMPA
the bottom of the figure) eluted with hot SDS-PAGE sample bufferReceptor±Mediated EPSCs
after three washes with 1 ml aliquots of ice-cold PBS containing
To investigate the physiological relevance of this inter- 0.1% Triton X-100.
action, the functional consequences of competing out (d) Western blot with 2E5 anti-NSF mAb showing the effects of
the binding of NSF to GluR2 were assessed. We loaded inclusion of inactive (GluR4cr) or active (GluR2r, GluR2m) decapep-
tides (100 mM) on the retention of His6-NSF by GST±ct-GluR2. WeCA1 pyramidal neurons in rat hippocampal slices with
attribute the additional, lower molecular weight immunoreactivethe same decapeptides used in the biochemical studies
bands in the GluR4cr lane to some partial length and/or proteolysed(GluR2r, GluR2m, and GluR4cr) and in addition a scram- His6-NSF being retained in this experiment.bled version of GluR2m (GluR2s; see Table 1). This was (e) Western blot with 2E5 anti-NSF mAb showing the binding of
accomplished using whole-cell patch-clamp recordings native rat brain NSF to GST±ct-GluR2. Aliquots of rat brain cytosol
in which the peptide (100 mM) was included in the elec- (0.01 mg protein) were incubated with either GST-coupled Sepha-
rose (left lane) or GST±ct-GluR2 (right lane).trode solution so that it rapidly diffused into the cell.
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Figure 4. Infusion of the GluR2m or GluR2r
Peptides into Hippocampal CA1 Neurons
Causes a Reduction in AMPA Receptor±
Mediated Synaptic Transmission
Whole-cell voltage-clamp recordings of EPSCs
from CA1 pyramidal cells loaded with 100 mM
peptide in rat hippocampal slices.
(a) An experiment with GluR2m-containing
whole-cell solution.
(a1) EPSCs (average of five responses) taken
from the time points indicated in (a2).
(a2) EPSC amplitude (open circles) plotted as
a function of time (relative to the start of the
recording), with each point an average of 10
responses expressed as the percent of the
first 10 responses; the line represents series
resistance (absolute values).
(b) An experiment with GluR2r-containing
whole-cell solution [(b1) - (b2)] as in (a).
The use of this method ensured that the interaction was Effects of Anti-NSF Antibodies on AMPA
Receptor±Mediated EPSCsdisrupted only at a postsynaptic locus in the cell from
which the recording was made. After obtaining a stable, An unlikely, but theoretically possible, explanation for
the decrease in AMPA receptor EPSCs is that GluR2mlow series resistance recording, AMPA receptor±medi-
ated excitatory postsynaptic currents (EPSCs) were and GluR2r, but not GluR2s and GluR4cr, peptides not
only interfere with the GluR2±NSF interaction but alsoevoked by electrical stimulation of afferents in stratum
radiatum, and EPSC amplitude was monitored for at act at some other site to antagonize AMPA receptor±
mediated EPSCsÐfor example, by acting as AMPA re-least 30 min. Series resistance and input resistance were
continuously measured online to ensure that the re- ceptor channel blockers. To exclude this possibility, we
employed a second approach in which we introducedcordings were stable. A similar strategy of synthetic
peptide infusion has been used recently to investigate anti-NSF mAbs into neurons. We used two mAbs raised
against CHO cell NSF (Tagaya et al., 1993); one of thesethe involvement of NSF in the regulation of neurotrans-
mitter release kinetics from the squid giant presynaptic antibodies (mAb 2E5) recognizes rat brain NSF, whereas
the other (mAb 2C8) does not (M. T., unpublished data).terminal (Schweizer et al., 1998).
Infusion into CA1 neurons of either GluR2m or GluR2r, In every other respect, the antibodies are identical, and
therefore mAb 2C8 provides an ideal control for anypeptides that block the interaction between NSF and
the GluR2 subunit, invariably caused a rapid reduction effects observed using the mAb 2E5. The rationale be-
hind these experiments is that in rat neurons the mAbin EPSC amplitude (Figure 4). This reduction in EPSC
amplitude was not associated with any change in EPSC 2E5 should bind specifically to NSF and block its func-
tion, as has been shown previously in endoplasmictime course (scaled traces, Figures 4a1 and 4b1). Pooled
data are shown in Figure 5. The infusion of the GluR2m reticulum (ER) to Golgi transport assays in MDCK cells
(Ikonen et al., 1995). Consistent with the peptide experi-peptide caused the mean EPSC amplitude to decrease
to 58% 6 6% of baseline after 30 min (n 5 18 pathways ments, the mAb 2E5 (50 mg/ml) caused a large reduction
in EPSC amplitude (at 40 min: 59% 6 8% of baseline,from 11 cells, p , 0.001; Figure 5a). In interleaved con-
trols using the inactive GluR2s peptide, no significant n 5 10 pathways from 5 cells, p , 0.001; Figures 6a
and 6b). In interleaved controls, the mAb 2C8 (50 mg/change was observed (at 30 min: 93% 6 8% of baseline,
n 5 19 pathways from 11 cells, p . 0.5; Figure 5b). Infu- ml) had no significant effect on EPSC amplitude (at 40
min: 95% 6 12% of baseline, n 5 12 pathways from 6sion of the GluR2r peptide resulted in a reduction in the
mean EPSC amplitude to 77% 6 8% of baseline (n 5 18 cells, p . 0.5; Figure 6c). As would be expected from
the difference in the size of the molecules, the timepathways from 9 cells, p , 0.05; Figure 5c). Interleaved
control experiments using the inactive GluR4cr peptide course for theonset of the reduction induced by infusion
of mAb 2E5 was delayed by several minutes comparedcaused no significant reduction in EPSC amplitude (at
30 min: 92% 6 13% of baseline, n 5 14 pathways from to the effects seen with peptide infusion (open circles,
Figure 6b).7 cells, p . 0.3; Figure 5d). It should be reemphasized
here that there is only a single amino acid residue dif-
ference between GluR2m and either GluR2r or GluR4cr. Effects of Interacting Peptides on AMPA Responses
in Cultured Hippocampal NeuronsGluR2m and GluR2r both block the NSF±GluR2 subunit
interaction in the biochemical assays and also cause In a separate series of experiments, whole-cell re-
cordings were made from cultured rat hippocampal neu-a reduction in EPSC amplitude. In contrast, GluR4cr,
which exhibits no activity in the biochemical assays, rons, and either GluR2m or GluR4cr peptides were in-
cluded in the whole-cell solution. In these experiments,had noeffect on EPSC amplitude (Table 2). This is strong
evidence that the reduction in AMPA receptor±mediated the response to local application of AMPA (100 mM, 1 s)
was monitored every 5 min. GluR2m caused a reductionEPSC amplitude observed with the GluR2m and GluR2r
peptides is due to disruption of the NSF±GluR2 subunit in AMPA current amplitude at 30 min to 72% 6 7%
(peak, p , 0.05) and 77% 6 9% (steady state, p , 0.05)interaction in the postsynaptic neuron.
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Figure 5. Summary Data for the Effects of
GluR2m, GluR2r, and Interleaved Control Pep-
tides on EPSC Amplitude in CA1 Neurons
(a) Summary graph of EPSC amplitude (open
circles) and series resistance (open squares)
plotted as a function of time in the presence
of the GluR2m peptide (n 5 18 pathways/11
cells).
(b) Summary graph for the control experi-
ments (interleaved with GluR2m experiments)
using the GluR2s peptide (n 5 19 pathways/
11 cells).
(c) Summary graph for the GluR2r peptide ex-
periments (n 5 18 pathways/9 cells).
(d) Summary graph for the controls (inter-
leaved with GluR2r experiments) using the
GluR4cr peptide (n 5 14 pathways/7 cells).
Amino acid sequences for each peptide are
shown above the graphs; differences in se-
quence relative to the GluR2m peptide are in-
dicated by underlined bold characters.
of the baseline amplitude (at 5 min after obtaining whole- amino acid is changed no two-hybrid interaction with
NSF occurs. The ct-GluR3, which does not interactcell access; Figures 7a and 7c). However, no reduction
in amplitude was observed in experiments using GluR4cr strongly with NSF, also contains Asn-851 but differs
in three of the adjacent residues. This suggests that(at 30 min relative to at 5 min, peak amplitude 5 104% 6
6%, steady-state amplitude 5 109% 6 9%, p . 0.2 in although the Asn is crucial, other adjacent residues are
also required for robust interaction with NSF. Fromboth cases; Figures 7b and 7c).
these experiments, we deduce that the consensus site
for NSF recognition is contained within the sequenceDiscussion
VAKN-(P/A)-Q. A BLAST database search revealed no
homologous sequences in other known NSF-interactingHere, we provide evidence that NSF interacts directly
and specifically with a neurotransmitter receptor, the proteins, including a- and b-SNAPs, SNAP-25, synapto-
brevin, syntaxin, n-Sec1, or Munc-18-2 (reviewed byGluR2 subunit of AMPA receptors. The site of interaction
on GluR2 comprises an amino acid sequence not pres- SuÈdhof, 1995). This finding raises the possibility that
NSF and GluR2 could form only one part of a functionalent in other proteins known to bind to NSF. Blockade of
this interaction in neurons by infusion of excess peptide complex that includes other NSF-binding proteins.
Our recombinant protein experiments demonstratecorresponding to the interaction site on GluR2, or with
an anti-NSF mAb, causes a rapid reduction in the ampli- that NSF can bind to GluR2 in the absence of SNAPs.
There is precedent for NSF binding in the absence oftude of AMPA receptor±mediated EPSCs. In cultured
hippocampal neurons, the GluR2m peptide also causes SNAP, for example, in vacuole docking in yeast (Mayer
et al., 1996). This does not, however, preclude ana reduction in the response to exogenously applied
AMPA. These results suggest that the direct interaction involvement of SNAPs in the GluR2±NSF complex in
vivo. Although we have not tested the roles of SNAPsof NSF with the GluR2 subunit of AMPA receptors in
the postsynaptic cell is important in regulating gluta- directly, in complementary experiments it has been
shown that SNAPs are not essential for NSF binding tomatergic synaptic transmission.
GluR2, but that NSF GluR2 and SNAPs will coimmuno-
precipitate from rat brain extracts, implicating the exis-NSF-Binding Site on GluR2
Our two-hybrid and biochemical evidence indicate that tence of a SNAP receptor (SNARE) complex containing
GluR2±NSF±SNAPs (Osten et al., 1998). In an attempta major specificity determinant of the NSF interaction
on ct-GluR2 appears to be Asn-851, since when this to further investigate the involvement of SNAPs in the
Table 2. Correlation of Effects of the Peptides on AMPA Receptor Function Predicted from Two-Hybrid and Biochemical Data
GluR2m GluR2r GluR4cr GluR2s mAb 2E5 mAb 2C8
Effect predicted from
biochemical assays ↓ ↓ Ð Ð ↓ Ð
Effect observed
in neurons ↓ ↓ Ð Ð ↓ Ð
Based on the hypothesis that disruption of the interaction between NSF and the GluR2 subunit is the cause of the decrease in AMPA-mediated
EPSCs, Table 2 shows that there is an exact correlation between the effects observed in the biochemical assays and in neurons. (↓) denotes
a decrease in AMPA-mediated responses in neurons, and (Ð) denotes no change.
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Figure 7. GluR2m but Not GluR4cr Reduces the Response to Local
Application of AMPA in Cultured Hippocampal Neurons
(a) Superimposed current responses to local AMPA application on
a neuron loaded with GluR2m at 5, 20, and 60 min.
(b) Superimposed current responses to local AMPA application (100
mM, 1 s) from a GluR4cr-loaded neuron at 5 min and 20 min of whole-
cell recording.
(c) Summary graph of AMPA current peak amplitude from GluR4cr
(closed squares, n 5 5) and GluR2m experiments (closed circles,
n 5 6). AMPA was applied every 5 min, and the peak current ampli-
tude was normalized to the first application within 5 min of going
whole cell. It should be noted that assuming that the GluR2m peptide
had started to depress AMPA receptor±mediated responses within
5 min, the percent depression values shown will be underestimatesFigure 6. Infusionof the 2E5 Anti-NSF Antibody Causes a Reduction
of the full effect.in EPSC Amplitude in CA1 Neurons
Whole-cell voltage-clamp recordings of EPSCs from CA1 pyramidal
cells loaded with anti-NSF antibody (50 mg/ml) in rat hippocampal
results do not rule out an interaction between SNAPsslices.
(a) An experiment with mAb 2E5 anti-NSF antibody-containing and a p47-insensitive t-SNARE (Rabouille et al., 1998).
whole-cell solution. Although NSF binds to a variety of different proteins,
(a1) EPSCs (average of five responses) taken from the time points of the glutamate receptor subunits examined it interacts
indicated in (a2). strongly with GluR2, weakly with GluR3, and not at all
(a2) EPSC amplitude (closed circles) plotted as a function of time
with GluR1, GluR4, GluR6, or NR1. This subunit specific-(relative to the start of the recording). Each point is an average of
ity presumably relates to the function of the glutamate10 responses expressed as the percent of the first 10 responses;
the line represents series resistance (absolute values). receptor±NSF interaction. There is considerable diver-
(b) Summary graph of EPSC amplitude in the presence of mAb 2E5 sity among the intracellular C-terminal domains of the
(closed circles) and series resistance (open squares) plotted as a glutamate receptor family, and several proteins have
function of time (n 5 10 pathways/5 cells). Data from Figure 5a been shown to bind to different sites. For example,
(GluR2m) are plotted for comparison (open circles).
GRIP, a protein proposed to be involved in AMPA recep-(c) Summary graph for the controls (interleaved with 2E5 experi-
tor clustering, binds to the extreme C-terminal tail ofments) using the 2C8 antibody (n 5 12 pathways/6 cells).
both GluR2 and GluR3, at a site some 25 amino acid
residues distant from the NSF site on GluR2. Based
mainly on data obtained for the nicotinic acetylcholine
receptor (reviewed by Green and Millar, 1995), it is be-NSF±GluR2 pathway in vivo, we used p47, a protein that
inhibits the NSF pathway in Golgi cisternae (Rabouille lieved that the glutamate receptor heterooligomers are
preassembled prior to incorporation into the synapticet al., 1998). We found that in recordings from CA1 pyra-
midal cells, inclusion of p47 (100 mg/ml) in the whole- plasma membrane. Therefore, only certain of the AMPA
receptor subunitsneed to interact with proteins involvedcell solution had no effect on AMPA receptor±mediated
synaptic transmission (unpublished data). However, these in plasma membrane insertion. A key feature of the
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GluR2 subunit is that its inclusion, in its edited from, in active state, and disruption of the interaction causes
increased deactivation or desensitization of thechannel.the AMPA receptor complex renders the channel imper-
meable to Ca21. Since .99% of GluR2 subunits are However, since no change in EPSC kinetics was ob-
served during peptide block, our data argue against aedited (Burnashev et al., 1992), this means that essen-
tially all GluR2-containing AMPA receptors are Ca21 im- change in the rate of AMPA receptor deactivation or
desensitization. Nonetheless, we cannot exclude thepermeant. Therefore, AMPA receptors inserted into the
plasma membrane via an NSF-dependent mechanism possibility of complete inactivation of channels. A fur-
ther possibility is that the binding of the active peptideswill have a low Ca21 permeability.
Although low Ca21 permeability is a feature of many or of the active mAb to free NSF, in the postsynaptic
neuron, could inhibit one or more of its other functions,excitatory synapses, including those present on CA1
pyramidal neurons, some interneurons express AMPA not directly related to the interaction of NSF with GluR2,
to reduce AMPA receptor±mediated synaptic transmis-receptors, which lack GluR2 and consequently display
a high Ca21 permeability (Jonas et al., 1994). Further- sion. This would require both the two interacting pep-
tides and the active mAb preventing NSF interactionmore, AMPA receptors are present at CA1 synapses in
the GluR2 knockout mouse, although AMPA receptor± with other proteins via an indirect mechanism, such as
an alteration in conformation or via steric hindrance. Formediated EPSCs are reduced by z50% compared to
wild-type littermates (Jia et al., 1996). Thus, NSF-inde- the peptide block, however, it seems improbable that
the binding of a decapeptide could act in this way.pendent mechanisms for AMPA receptor insertion must
also exist.
Incomplete Inhibition of AMPA Receptor±Mediated
Synaptic TransmissionMechanisms by which NSF Regulates
Infusion of the interacting peptides into neurons did notAMPA Receptor Function
cause a complete blockade of synaptic transmissionConsidering the known functions of NSF, perhaps the
even after extended recording periods (response inhib-simplest explanation of our results is that there is a rapid
ited by 60% after 100 min of recording in slices; dataNSF-dependent insertion of a fraction of preassembled
not shown). One possibility is that this could be due toGluR2 subunit±containing AMPA receptors at the post-
incomplete access of the peptides to all of the sites ofsynaptic membrane, whereas the removal of receptors
interaction. However, the finding that the peptides andis independent of the NSF±GluR2 interaction. In this
mAb 2E5, despite their widely differing molecular weights,model, GluR2 would correspond to the v-SNARE as de-
depressed AMPA receptor±mediated synaptic trans-scribed for neurotransmitter release (reviewed by SuÈd-
mission to a similar extent argues against this. A secondhof, 1995). NSF could perhaps be a chaperone protein
possibility is that the surface expression of a fraction ofacting in a manner analogous to that proposed for disas-
AMPA receptors at CA1 synapses is regulated by NSF-sembly of the SNARE complex at the presynaptic termi-
independent mechanisms. A third explanation is that anal (Hayashi et al., 1995). NSF-mediated disassembly of
proportion of AMPA receptors in the synaptic plasmathe SNARE complex has been proposed to occur after
membrane are relatively stable. If these receptors domembrane fusion and is thought to act as a priming
not undergo rapid recycling, they should be insensitivestep for the next fusion event (Hanson et al., 1997; Un-
to blockade of NSF. We do not propose that over thegermann et al., 1998; Weber et al., 1998). NSF would
timescale of our experiments the blockade of the NSF±act on internalized (endocytosed) AMPA receptors to
GluR2 interaction is causing a decrease in synaptic re-remove attached proteins, for example the putative
sponse due to the inhibition of newly synthesized AMPAAMPA receptor±interacting protein GRIP (Dong et al.,
receptors reaching thesynapse. We interpret our data to1997). If the action of NSF is prevented, for example by
suggest that a significant proportion of AMPA receptorspeptide block, the internalized receptors could not be
recycle rapidly between membrane and peri-membraneappropriately processed ready for reinsertion into the
pools and that NSF plays a central role in this process.postsynaptic membrane. Thus, blockade of the NSF±
GluR2 interaction would cause a reduction in the rate
of insertion of AMPA receptors, resulting in a decrease Turnover Time for Functional AMPA Receptors
A particularly intriguing aspect of our results is the sug-in EPSC amplitude.
There are other explanations for our results, but these gestion that the half-life of a significant proportion of
functional surface-expressed AMPA receptors in CA1do not correspond so well with the current hypotheses
for NSF function. For example, NSF could act as an neurons (synaptic half-life) is ,1 hr. Indeed, in some
peptide experiments EPSC amplitude declined muchanchoring protein to bind functional, surface-expressed
AMPA receptors and stabilize them in the postsynaptic more rapidly and reached near maximum depression
within 15 min (see Figure 4a2). Allowing for diffusion ofmembrane. Disruption of the NSF±GluR2 subunit inter-
action might then allow the receptors to undergo lateral the peptide to synapses and the off-rate of NSF±GluR2
binding, this suggests that the synaptic half-life of AMPAdiffusion in the membrane away from the synapse or to
be reinternalized. Lateral diffusion is unlikely to explain receptors can be ,10 min. This provides evidence that
there is a previously unsuspected constitutive rapidour results, since in the cell culture experiments there
was a reduced response to exogenously applied AMPA, turnover of functional AMPA receptors at CA1 synapses
under basal conditions. Presumably most of the AMPAwhich can access both synaptic and extrasynaptic sur-
face-expressed receptors. Another possibility is that receptors that are removed from the synaptic membrane
are subsequently reinserted, since the estimated deNSF binding to GluR2 holds the receptor in a functionally
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Affinity Chromatographynovo synthesis time for neuronal AMPA receptors is in
GST±ct-GluR2 and GST±ct-GluR3 fusion proteins were made usingthe order of 30 hr (Mammen et al., 1997; Huh and Went-
the pGEX-4T-1 plasmid (Pharmacia). His6-NSF was expressed in thehold, personal communication; K. Archibald and J. M. H.,
pQEX plasmid (QIAGEN). In all cases, the manufacturers' recom-
unpublished data). Such a recycling model is supported mended protocols were followed. For rat brain cytosol, whole brains
by the demonstration of pools of AMPA receptors within were removed, washed in ice-cold Tris citrate buffer (50 mM Tris
[pH 7.4 with citric acid]) and homogenized in 2 vol of the same bufferspines (Richmond et al., 1996). Furthermore, such a
containing 1 mM phenylmethylsulfonyl fluoride (PMSF) and 1 mg/mlrapid movement of receptors from within spines to the
Pepstatin A using a polytron homogenizer (3 3 20 s). The resultantPSD is likely to involve vesicular transport processes
homogenate was centrifuged at 48,000 3 g for 20 min, and thefor which evidence has recently been obtained in CA1
supernatant (designated as the cytosol) was either usedimmediately
neurons (Spacek and Harris, 1997; Lledo et al., 1998). or stored frozen at 2808C. Aliquots (10 ml) of washed glutathione
Sepharose 4B (Pharmacia) were equilibrated in 10 mM PBS con-
taining 0.1% Triton X-100 and then incubated with 200 ml of eitherPhysiological Significance of the
control GST, GST±ct-GluR2, or GST±ct-GluR3 fusion protein (700±GluR2±NSF Interaction
800 mg/ml protein) in PBS containing 1 mg/ml bovine serum albumin
The specificity of the interaction of NSF for GluR2 may (BSA) for 30 min at 48C. The coupled Sepharose was washed and
reflect the critical role of GluR2 in determining the func- then incubated with either rat brain cytosol, typically 1 ml (600 mg/
ml protein) plus 1 mg/ml BSA or 100±200 ml His6-NSF cell lysatetional properties of the AMPA receptor complex. The
(800 mg/ml protein) diluted to 0.5 ml in PBS with a final concentrationlevel of inhibition of AMPA receptor±mediated synaptic
of 1 mg/ml BSA and 0.1% Triton X-100. The Sepharose suspensionstransmission caused by the disruption of this interaction
were incubated at 48C for 60 min, pelleted by centrifugation, andis comparable to that which occurs during long-term
washed with 2 3 1 ml aliquots of ice-cold PBS (brain cytosol) or
depression (LTD), an important model of synaptic plas- 3 3 1 ml aliquots of ice-cold PBS containing 0.1% Triton X-100
ticity in the mammalian CNS (Bear and Abraham, 1996). followed by 1 3 1 ml aliquot of PBS Triton X-100 at 378C (His6-NSF
cell lysate).Therefore, the contribution to synaptic transmission of
AMPA receptors under NSF-dependent regulation is
SDS-PAGE, Electrophoretic Transfer of Proteins,likely to be highly significant in terms of information
and Immunoblot Analysistransfer within the brain. In addition to controlling the
SDS-PAGE was performed on 10% or 15% acrylamide gels, andmagnitude of the synaptic response, this interaction will
proteins were transferred electrophoretically onto polyvinylidene
also regulate the calcium permeability of synaptic AMPA difluoride microporous membrane (Immobilon, Millipore Bedford,
receptors, which will impact directly on synaptic plastic- MA). Before immunostaining, the Immobilon sheets were blocked
overnight at 48C with 5% nonfat dry milk and 1:50 dilution of normality and neurotoxicity (Choi, 1992; Bliss and Collingridge,
swine serum in PBS (blocking solution). The proteins on Immobilon1993).
sheets were reacted with either GluR2/GluR3 (Promega) or NSFA rapid, NSF-dependent movement of AMPA recep-
primary antibody (0.1±1 mg/ml) in blocking solution for 2 hr at 48C.tors to and from the synaptic plasma membrane would
The bound antibodies were detected with peroxidase-conjugated
have important implications for the understanding of the anti-rabbit IgG (GluR2/GluR3) or peroxidase-conjugated anti-mouse
molecular mechanisms underlying synaptic plasticity. (for NSF) for secondary antibody using enhanced chemilumines-
cence (ECL).For example, LTP involves an increase in postsynaptic
AMPA receptor function (Davies et al., 1989). This is
Electrophysiologybelieved to be due, at least in part, to the rapid insertion
Hippocampal Slicesof AMPA receptors into synapses (Isaac et al., 1995;
Hippocampal slices were prepared from 12- to 18-day-old WistarLiao et al., 1995; Benke et al., 1998). It has been shown
rats. Rats were anesthetized and decapitated, and the brain was
recently that NEM, which inhibits NSF function, prevents placed in ice-cold extracellular solution. Transverse hippocampal
induction of LTP (Lledo et al., 1998). Our data indicate slices (400 mm thick) were prepared on a vibratome and placed in
a recovery chamber, submerged in extracellular solution, for 1±5 hr.that the NEM-sensitive step is likely tobe theNSF±GluR2
Slices were then placed in the recording chamber where they wereinteraction. Therefore, NSF regulation of AMPA receptor
continuously superfused with extracellular solution at room temper-function may be important for both regulating basal syn-
ature (238C±258C). The extracellular solution contained (in mM ex-aptic transmission and synaptic plasticity.
cept where indicated): 119.0 NaCl, 2.5 KCl, 1.3 MgSO4, 1.0 NaH2PO4,
26.2 NaHCO3, 2.5 CaCl2, 11.0 glucose, and 50 mM picrotoxin, satu-
rated with 95% O2/5% CO2 (pH 7.4, 295 mOsm). Whole-cell voltage-Experimental Procedures
clamp recordings were made from CA1 pyramidal cells using elec-
trodes with a resistance of 2±4 MV when filled with the intracellularTwo-Hybrid Assay
The ct domain of GluR2 from Glu-834 to the TAG stop codon (50 solution. The intracellular solution contained (in mM): 130.0 Cs meth-
anesulphonate, 10.0 HEPES, 0.5 EGTA, 8.0 NaCl, 5.0 QX-314Br, 4.0amino acid residues) was subcloned into the yeast expression vec-
tor pBTM116ADE2 using Pst1 and BamHI. Following amplification MgATP, and 0.3 NaGTP (pH 7.2, 275 mOsm). The intracellular solu-
tion also contained the protease inhibitors bestatin (100 mM), leu-in E. coli, the pBTM116ADE2±ct-GluR2 plasmid was transformed
into yeast strain L-40, and a yeast two-hybrid system screening was peptin (100 mM), pepstatin-A (100 mM), and the 10-amino-acid pep-
tide (GluR2r, GluR2m, GluR4cr, or GluR2s, 100 mM; see Table 1). Fordone essentially as described previously (Vojtek et al., 1993) using
a GAL4 activation domain fusion library in pGAD10 (MATCHMAKER the anti-NSF antibody experiments, the purified antibody (2E5 or
2C8) in PBS (5 ml, 1 mg/ml) was dissolved in 95 ml of the intracellularrat whole-brain cDNA library, Clontech). Interacting proteins were
isolated by colony selection on Trp,His,Ura,Leu,Lys-dropout plates solution (final concentration, 50 mg/ml). All peptide- or antibody-
containing intracellular solutionswere made up and stored in exactlyand subsequently by filter b-galactosidase assays. The specificity
of the interaction between NSF and GluR2 was tested by trans- the same way, and the pH and osmolarity of the solutions checked.
EPSCs were evoked by afferent stimulation (at a frequency of 0.1forming L-40 yeast containing pGAD10±NSF with the ct domains of
the ionotropic glutamate receptor subunits GluR1, GluR2, GluR3, Hz) in the stratum radiatum using bipolar stimulating electrodes. In
most cells, two pathways were stimulated alternately. The stimulat-GluR4, and GluR6 and NMDAR1. Activation of the LacZ reporter was
determined in liquid b-galactosidase assays as previously described ing electrode(s) was located proximal to the cell body layer so that
synapses close to the soma were stimulated, thus ensuring thatand expressed in units of enzyme activity (Miller, 1972).
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the peptide or antibody rapidly diffused to the activated synapses. Boulter, J., Hollmann, M., O'Shea-Greenfield, A., Hartley, M., De-
neris,E., Maron, C., and Heinemann, S. (1990). Molecular cloning andRecordings were made using an Axopatch 1-D amplifier; the signal
was filtered at 2 kHz, digitized at 5 kHz, and collected on a PC. EPSC functional expression of glutamate receptor subunit genes. Science
249, 1033±1037.amplitude, input resistance,and series resistance were continuously
monitored and displayed online using custom software (W. Ander- Burnashev, N., Monyer, H., Seeburg, P.H., and Sakmann, B. (1992).
son, University of Bristol). Series resistance was estimated by de- Divalent ion permeability of AMPA receptor channels is dominated
termining the peak unfiltered amplitude of the current response to by the edited form of a single subunit. Neuron 8, 189±198.
a 2 mV step (electrode capacitance was compensated for) applied Choi, D.W. (1992). Excitotoxic cell death. J. Neurobiol. 23, 1261±
to the cell before each EPSC was collected. Cells were held at a 1276.
potential of 270 mV during recordings. Data are expressed as
Davies, S.N., Lester, R.A.J., Reymann, K.G., and Collingridge, G.L.mean 6 SEM. For comparisons of EPSC amplitude at 30 or 40 min
(1989). Temporally distinct pre- and post-synaptic mechanismswith baseline, the mean amplitude of responses during a 5 min
maintain long-term potentiation. Nature 338, 500±503.epoch centered on the time point was calculated. For statistical
Dong, H., O'Brien, R.J., Fung, E.T., Lanahan, A.A., Worley, P.F.,tests, paired, two-tailed, Student's t tests were used.
and Huganir, R.L. (1997). GRIP: a synaptic PDZ domain±containingHippocampal Cell Cultures
protein that interacts with AMPA receptors. Nature 386, 279±284.Hippocampal cultures were prepared as previously described
(Malgaroli and Tsien, 1992). Briefly, the CA3±CA1 regions of the Fields, S., and Song, O.-K. (1989). A novel genetic system to detect
hippocampus from 3- to 5-day-old rats were dissected, and the protein±protein interactions. Nature 340, 245±246.
neurons were recovered by enzymatic digestion with trypsin and Green, W.N., and Millar, N.S. (1995). Ion channel assembly. Trends
mechanical dissociation. Cells were then plated at a density of Neurosci. 6, 280±287.
z50,000 per dish onto 35 mm petri dishes coated with polyornithine
Hanson, P.I., Roth, R., Morisaki, H., Jahn, R., and Heuser, J.E. (1997).and Matrigel (Collaborative Research). Cultures were maintained at
Structure and conformational changes in NSF and its membrane378C in a 95% O2/5% CO2 humidified incubator. The culture medium receptor complexes visualized by quick-freeze/deep-etch electronwas composed of Minimal Essential Medium (Gibco), 30 mM glu-
microscopy. Cell 90, 523±535.
cose, 2 mM glutamine, 15 mM HEPES, 100 mg/ml bovine transferrin,
Hayashi, T., Yamasaki, S., Nauenburg, S., Binz, T., and Niemann,and 30 mg/ml insulin, completed with 5%±10% fetal calf serum.
H. (1995). Disassembly of the reconstituted synaptic vesicle fusionFrom the second day in culture, the media was supplemented with
complex in vitro. EMBO J. 14, 2317±2325.cytosine-b-D-arabinofuranoside (2.5 mM). Neurons were used for
Hollmann, M., and Heinemann, S. (1994). Cloned glutamate recep-experiments 14±30 days after plating. Whole-cell recordings were
tors. Annu. Rev. Neurosci. 17, 31±108.obtained at room temperature from neurons with a CA1-like mor-
phology using an Axopatch 1-D amplifier. Neurons were continu- Hong, R.-M., Mori, H., Fukui, T., Moriyama, Y., Futai, M., Yamamoto,
ously superfused with control solution (z2 ml/min) containing (in A., Tashiro, Y., and Tagaya, M. (1994). Association of the N-ethylma-
mM except where indicated): 119 NaCl, 5 KCl, 2 CaCl2, 2 MgCl2, 25 leimide±sensitive factor with synaptic vesicles. FEBS Lett. 350,
HEPES, 30 glucose, 0.1 picrotoxin, 1 mM glycine, and 0.5 mM TTX 253±257.
(pH 7.4, 305 mOsm). S-AMPA±containing (100 mM, Tocris) solutions Hu, B.-R., Park, M., Martone, M.E., Fischer, W.H., Ellisman, M.H.,
were locally applied using a motorized array of capillary tubes (500 and Zivin, J.A. (1998). Assembly of proteins to postsynaptic densi-
mm internal diameter) positioned z100 mm from the cell, allowing ties after transient cerebral ischemia. J. Neurosci. 18, 625±633.
complete solution exchange in ,50 ms. Intracellular solutions were
Ikonen, E., Tagaya, M., Ullrich, O., Montecucco, C., and Simons, K.
the same as for slice experiments. Input and series resistances were
(1995). Different requirements for NSF, SNAP, and Rab proteins in
monitored throughout the experiment. The presence of autaptic apical and basolateral transport in MDCK cells. Cell 81, 571±580.
connections was tested for at the start of the recording period with
Isaac, J.T.R., Nicoll, R.A., and Malenka, R.C. (1995). Evidence fora 1 s depolarization to 0 mV; no functional autapses were found
silent synapses: implications for expression of LTP. Neuron 15,under our culture conditions. The AMPA responses were filtered at
427±434.2 kHz, sampled at 5 kHz, and stored on a PC computer for further
Jia, Z., Agopyan, N., Miu, P., Xiong, Z., Henderson, J., Gerlai, R.,analysis. Holding potentials of 260 or 270 mV were used. Data are
Taverna, F.A., Velumian, A., MacDonald, J., Carlen, P., Abramow-expressed as mean 6 SEM.
Newerly, W., and Roder, J. (1996). Enhanced LTP in mice deficient
in the AMPA receptor GluR2. Neuron 17, 945±956.
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